In Brief
The hepatic sinusoids harbor a wellcharacterized resident macrophage population, Kupffer cells. Sierro et al. report an additional liver-resident macrophage population occupying the hepatic capsule, phenotypically and developmentally distinct from Kupffer cells, which plays a role in immunosurveillance by sensing peritoneal pathogens and recruiting neutrophils to control intrahepatic bacterial dissemination.
INTRODUCTION
The ontogeny and function of resident myeloid populations within solid organs has been an area of intense research over recent years (Ginhoux and Guilliams, 2016) . In the liver, Kupffer cells (KCs) are the best characterized and represent one of the largest subsets of tissue-resident macrophages. Like most tissue-resident macrophages, they are highly phagocytic and largely originate from the differentiation of local precursors that seed the liver during embryogenesis (Bouwens et al., 1984) . Most KCs are maintained by self-renewal in the adult and require little input from bone marrow-derived precursors, although a minor proportion of KCs can be derived from circulating blood precursors after birth . Regardless of their origin, steady-state KCs can be considered a homogeneous liver-resident macrophage population with a specific transcriptional program defined by their unique niche within the hepatic sinusoids (Beattie et al., 2016) . This location underscores the important role of KCs in clearing blood-borne pathogens and cellular debris (Beattie et al., 2016) . However, in the setting of inflammation, different macrophages may be recruited to the liver via other pathways: monocyte-derived inflammatory macrophages invade the liver following injury, while pro-repair mature peritoneal macrophages can access the liver via the peritoneum during the recovery phase (Wang and Kubes, 2016) .
Almost 30 years ago, a population of MHC class II-expressing cells was observed in the hepatic capsule (Prickett et al., 1988) . 
(legend continued on next page)
These cells have dendritic morphology and have been initially classified as dendritic cells (DCs) but not characterized further. Hepatic capsular cells with dendritic processes have also been noted in subsequent studies, in which they were variously categorized as KCs (Aoyama et al., 2010) , fibroblasts or hepatic stellate cells (Lee et al., 2010) , or myeloid DCs (Heymann et al., 2015) . More recently, a study of various hepatic myeloid cell subsets also highlights the presence of cells with dendritic morphology in the hepatic capsule, which the authors suggested were dendritic cells (David et al., 2016) . In this study, we provide evidence that these MHC class II-expressing cells in the liver capsule are a macrophage population that is developmentally and phenotypically distinct from KCs. We also provide data supporting a role for this contiguous cellular network of liver capsular macrophages in defending the liver from infections traversing the peritoneal cavity.
RESULTS

Hepatic Capsular Cells with Dendritic Morphology Express Macrophage Markers but Are Distinct from KCs
To further characterize MHC class II + cells with dendritic morphology in the liver capsule, we used two-photon microscopy (2PM) together with in vivo labeling. Tissue structures were resolved to a depth of 50-80 mm to include the collagen fibercontaining capsule (0 to 15 mm depth) as well as deeper parenchymal tissue containing KCs. In vivo-labeled CD45 + and MHCII + cells exhibited distinct morphologies in the capsule and parenchyma. MHCII + cells in the capsule displayed very long dendrites, while those in the parenchyma were of more uniform size and shape and did not possess extensive dendrites ( Figure 1A ). MHCII + capsular cells expressed F4/80, with staining faint at 10 min but clearly detected at 60 min after antibody injection, suggesting that the antibody does not easily access the liver capsule ( Figure S1A ). In contrast, KCs in the sinusoids stained with anti-F4/80 as soon as 10 min after antibody injection (Figure S1A) . This staining delay might explain why a recent study concluded that capsular cells did not express F4/80 (David et al., 2016) . Similar densities of CD45 + and F4/80 + capsular cells were detected in the capsule ( Figure 1B) , and in vivo labeling confirmed co-expression of MHCII, CD45, and F4/80 by most capsular cells (Figures S1B and S1C). Capsular cells exhibited low expression of CD11c and expressed the key macrophage markers CD64, CSF-1R, and CD14 ( Figure 1A ) but lacked CD103 expression ( Figure 1A ). Most CD45 + capsular cells co-expressed CD64 ( Figure S1D ), suggesting that they were macrophages rather than DCs. We estimate that the entire adult mouse liver capsule contains 300,000 CD45 + F4/80 + CD64 + cells, based on their densities ( Figure 1B ) and the approximate total surface area of the capsule. While parenchymal KCs expressed the prototypical KC marker Tim4 (Zigmond et al., 2014) , capsular cells did not ( Figure 1A ). Unlike KCs, capsular cells were CX3CR1 hi (Figure 1A) . Consistent with CX3CR1 expression and confirming findings in a recent study (David et al., 2016) , the liver capsule of Cx3cr1-GFP mice contains reporter + cells with dendrites (Figure S1F) . However, most GFP + liver capsular cells co-expressed F4/80 and the key macrophage marker CD64 ( Figure S1F ), providing further evidence that they were not DCs but rather represented a macrophage subset distinct from KCs.
Further flow cytometric analysis of cell suspensions isolated from the liver confirmed the presence of distinct liver macrophage subsets with mutually exclusive expression of Tim4 and CX3CR1 and low expression of CD11c ( Figure 1C ). Cells with a similar phenotype were not detected in the blood ( Figure S1E ), suggesting that they were liver resident.
Hepatic Capsular Cells Are Dependent on CSF-1R Signaling but Not Flt3L
The density of liver capsular cells was assessed in mice deficient for Flt3L, a growth factor critical for the differentiation of conventional DCs (cDCs) from hematopoietic stem cells but dispensable for the development of monocytes and macrophages (Liu et al., 2009 Figure 1D ). In addition, GFP + cell density in the liver capsules of Cx3cr1-GFP Flt3l À/À mice was not affected by Flt3L deficiency ( Figure S2A ).
Likewise, the b subunit of the GM-CSF receptor that promotes the survival and homeostasis of CD103 + CD11b + DCs in nonlymphoid tissues in the steady state without affecting most tissue macrophage populations (Greter et al., 2012a) was dispensable for the differentiation of hepatic capsular myeloid cells as assessed by similar densities in wild-type and Csf2rb À/À mice ( Figure 1E ). Although CSF-1R is expressed by several myeloid cells including DCs, CSF-1R signaling is critical for the differentiation and maintenance of macrophages in several tissues (Greter et al., 2012b; MacDonald et al., 2010) . Blockade of CSF-1R signaling using multiple doses of the mAb M279 (Greter et al., 2012b; MacDonald et al., 2010) resulted in the depletion of most hepatic F4/80 + capsular cells (Figure 1F, top) . A single dose of M279 was sufficient to deplete most hepatic capsular cells, suggesting that they were highly dependent on this factor ( Figure 1F , bottom). M279 treatment of Cx3cr1-GFP mice resulted also in complete depletion of GFP + liver capsular cells ( Figure S2B ). , further distinguishing them from monocytes, KCs, and DCs within the liver ( Figure 2D ). Expression of langerin (CD207) was also detected in some hepatic capsular cells after in vivo labeling with an anti-langerin antibody ( Figure 2E ). To determine the extent of heterogeneity within the GFP hi population in liver capsular cells isolated from
Cd207-EGFP mice, we performed CyTOF analysis of 21 different (Tamoutounour et al., 2013) , and steady-state KCs (Zigmond et al., 2014 Hierarchical clustering that considered the ''core DC'' and ''core macrophage'' gene expression signatures as defined by the Immgen Consortium placed hepatic capsular cells within a group containing macrophages rather than DCs ( Figure S4A ; Gautier and Yvan-Charvet, 2014; Miller et al., 2012) . Accordingly, principal component analysis (PCA) ( Figure S4B ) and hierarchical clustering analysis ( Figure 3A ) indicated that hepatic capsular cells were more closely related to macrophages than to DCs.
Hepatic capsular cells did not express genes reported to be specifically associated with KCs, DCs, or the two MHCII Miller et al., 2012; Guilliams et al., 2016) .
PCA analysis considering macrophage transcriptomes revealed a distinct hepatic capsular cell program that clustered closer to the transcriptomes of dermal or gut macrophages than to those of embryonically derived macrophages such as KCs ( Figure 3C ). This relationship was further supported by hierarchical clustering analysis restricted to gene sets specifically enriched in prototypical embryo-derived macrophages (KCs, lung, spleen, peritoneal cavity, microglia) and in prototypical steady-state monocyte-derived macrophages (dermis, intestine) ( Figures S4C and S4D ). Functional annotation clustering analysis also identified a variety of differentially enriched processes distinguishing hepatic capsular cells and KCs ( Figures 3D and S4E) .
The above data identified Cd207-EGFP hi F4/80 + capsular cells as a distinct macrophage subset morphologically, anatomically, and phenotypically different from KCs, leading us to name them ''liver capsular macrophages'' (LCMs).
LCMs in Adult Livers Are Bone Marrow Derived and Can Be Replenished from Circulating Monocytes
To determine whether LCMs could be replenished from adult bone marrow (BM), C57BL/6 mice were irradiated and reconstituted with BM cells from Itgax-YFP mice, in which LCMs expressed the YFP reporter ( Figures 2A, 2B , S3A, and S3B). 8 weeks post-reconstitution, LCMs of donor origin were present in the liver capsule at densities similar to non-irradiated Itgax-YFP mice, suggesting that LCMs were radiosensitive and could be replenished by BM-derived cells ( Figure 4A ). As irradiation induces systemic changes, LCM replenishment was examined after transplantation in non-irradiated recipients. Livers from Itgax-YFP mice were transplanted into B6.tdTomato recipient mice. Recipient-derived Tomato + LCMs but not KCs were detected in the livers of transplanted animals as early as 5 days after transplantation ( Figure 4B ).
In addition to the transplantation approach, which is associated with inflammation that might alter maintenance and/or development of LCMs or their precursors, LCMs were also examined by parabiosis. We analyzed CD45.1 + congenic and CD45.2 + Cx3cr1-GFP parabionts ( Figure 4C ) for chimerism in blood and lung by flow cytometry and in the liver capsule by 2PM. Consistent with previous reports , relatively long-lived peripheral blood T cells from each animal were evenly distributed in the blood of the parabionts, while alveolar macrophages that self-renew in situ independently of blood precursors were not exchanged (Figure 4C) . Approximately 20% of Ly-6C hi and 40% of Ly-6C lo blood monocytes were exchanged between partners ( Figure 4C ): this lower percentage of chimerism and incomplete exchange of blood monocytes, but not T cells, has been reported in previous studies and attributed to a precursor half-life that is too short to allow cells to reach the opposite parabiont (Liu et al., 2007) . The percentage of non-host chimerism for LCMs was approximately half that observed for Ly6C hi blood monocytes ( Figure 4C ).
These results show that LCMs can be replenished from bonemarrow-derived cells in the absence of irradiation or ischemia reperfusion-induced inflammation.
To evaluate whether LCMs could be derived from blood monocytes, CD45.1 + WT mice were joined by parabiosis to CD45.2 + Cx3cr1-GFP mice lacking CCR2 (Serbina and Pamer, 2006) . Consistent with previous reports (Hashimoto et al., 2013) , CCR2-deficient monocytes that exhibit defects in bone marrow exit were outcompeted by WT monocytes, which made up >90% of circulating monocytes in both parabionts ( Figure 4D , bottom). When compared to WT/WT parabionts, in the Ccr2
/WT setting, the density of WT LCMs doubled in the liver capsule of the Ccr2 À/À parabionts, while
Ccr2
À/À LCMs could not be detected in the liver capsule of WT parabionts ( Figure 4D ), suggesting that circulating monocytes were LCM precursors. To demonstrate that LCMs can derive directly from circulating monocytes, sorted GFP + cells from MacGreen (Csf1r-EGFP) mice that were enriched in monocytes were adoptively transferred into syngeneic mice pre-treated with a single dose of M279 antibody. 9 days after adoptive transfer of sorted monocytes, GFP + LCMs were detected in the liver capsules of recipient mice ( Figure 4E ). In contrast, sorted MacGreen peritoneal macrophages transferred into M279-treated recipients did not give rise to LCMs ( Figure 4E ), suggesting that although these cells are recruited to the liver after inflammation (Wang and Kubes, 2016) , they did not contribute to the LCM pool in the absence of inflammation.
LCM Accumulation Accelerates at Weaning and Coincides with Establishment of the Microbiota LCM numbers were assessed during the postnatal period using MacGreen mice. LCMs were almost absent during the first days after birth; their accumulation accelerated after weaning at 3-5 weeks, and numbers remained relatively stable in adult animals ( Figure 5A ). To examine whether LCM development was influenced by the microbiota as shown for gut-resident macrophages (Bain et al., 2014) , we compared LCM densities in germ-and specific-pathogen-free mice. LCMs were present in adult germ-free mice ( Figure 5B ), but at lower density than in age-matched specific-pathogen-free mice ( Figure 5B ). Treatment with antibiotics for 2 weeks from before weaning also led to a decrease in LCM density ( Figure 5C ). Therefore, while not essential, the microbiota could promote the development or expansion of LCMs. This appeared to be independent of TLR signaling, as adult mice lacking MyD88 or TLR4 contained similar LCM densities as WT animals ( Figure 5D ). ) were sorted from Cd207-EGFP mice. Gene expression of the three cell subsets from three experimental replicates per subset was analyzed by microarray from purified mRNA and gene datasets compared to those of plasmacytoid DCs (DCs), monocytes, LCs, various DCs, macrophages from the Immgen Consortium (GEO: GSE15907), dermal macrophages (GEO: GSE49358), and steady-state KCs (GEO: GSE55606); asterisks after the subset name correspond to gene datasets generated in the current study. cells. LCM proliferation was assessed both during the weaning phase and in adults using FUCCI transgenic mice that allow determination of cells in G1 and/or S/G2/M phases of the cell cycle using dual color imaging. None of the cells analyzed in the hepatic capsule (>100 cells/time point/mouse) were proliferating (Figure S5) , indicating that the increased numbers of LCMs at weaning were not driven by increased local proliferation of LCMs or of their precursors, but rather resulted from increased replenishment from blood-borne precursors, which we postulate could be monocytes. The positive correlation between the number of monocytes and LCM density was supported by (1) increased numbers of circulating monocytes and LCMs after weaning ( Figure 5E ), (2) decreased numbers of circulating monocytes and LCMs in antibiotic-treated mice ( Figure 5F ), (3) decreased numbers of circulating monocytes after treatment with M279 that depleted LCMs ( Figure 5G ), and (4) the reported decrease in hematopoiesis, including monocytes, in germ-free mice (Khosravi et al., 2014) .
CSF-1 Is Enriched in the Liver Capsule and Is Critical for LCM Homeostasis CCR2 regulates recruitment of monocytes and their differentiation into tissue-resident CX3CR1 hi macrophages in the small intestinal lamina propria (Bain et al., 2014) and could play a similar role in recruiting monocytes to the liver capsule. As Ccr2 À/À LCM numbers in the liver capsule of WT parabionts ( Figure 4D ) may have been influenced by lack of CCR2 regulation of monocyte exit from the bone marrow, we tested whether circulating monocytes in Ccr2 À/À mice could be recruited to the liver capsule and give rise to LCMs in the absence of competing WT monocytes. The density of LCMs in liver capsules of CCR2-deficient mice was similar to that in CCR2-sufficient mice ( Figure 5D ), indicating that although CCR2 played a key role in regulating the number of circulating monocytes, it was dispensable for their recruitment to the liver capsule and/or their intrahepatic differentiation into LCMs. The chemokine receptors CXCR4, CCR5, and CX3CR1 and chemokine CCL5, also known to influence macrophage and monocyte recruitment, were found to be dispensable for the recruiting of circulating LCM precursors and/or for their intrahepatic differentiation as determined by LCM density in deficient animals ( Figure 5D ). In addition, sorted purified CX3CR1-deficient monocytes adoptively transferred into M279-treated recipient mice reconstituted the liver capsule and gave rise to LCMs ( Figure 5H ).
LCMs are sensitive to anti-CSF-1R antibody ( Figure 1F ) and thus depend on CSF-1R signaling. IL-34, one of the two CSF-1R ligands (Greter et al., 2012b) , was not critical, as Il34 À/À mice contained the same LCM density as WT mice ( Figure 5I ). CSF-1, the second CSF-1R ligand, was enriched in the hepatic capsule ( Figure 5J ) while LCM density was significantly decreased when CSF-1 was blocked ( Figure 5K ). Together, these results indicate that LCMs were dependent on the CSF-1R ligand CSF-1 rather than IL-34.
LCMs Form a Contiguous Cellular Network at the Interface between Liver Parenchyma and Peritoneal Cavity LCMs formed a contiguous cellular network in the hepatic capsule ( Figure 6A ) reminiscent of LCs in the epidermis and in the oral epithelium (Capucha et al., 2015) . LCs from these tissues express langerin and have been reported to be GFP + in Cd207-EGFP mice (Capucha et al., 2015) . To explore the distribution of GFP-expressing cells resembling LCMs in Cd207-EGFP mice, we examined the superficial layers of other organs, including the peritoneal membrane and serosa of other abdominal organs.
Although GFP + cells arranged in networks and possessing distinctive dendrites could easily be detected in the liver capsule and epidermis of Cd207-EGFP mice, they were not detected in the capsule of other organs examined ( Figure 6B ). GFP + cells
were detected in the thymus and Peyer's patches, but these were not of dendritic morphology. These cells have previously been described in all secondary lymphoid organs and characterized as blood-derived CD8a + DCs (Douillard et al., 2005) . LCMs displayed long dendrites wrapped around collagen fibers ( Figures 6C and 6D ). Their restricted anatomical location was suggestive of a specific role at the interface between the peritoneal cavity and the hepatic parenchyma. To assess whether these cells could access the peritoneal cavity, reconstructions of the hepatic capsule of Itgax-YFP or MacGreen crossed with tdTomato mice were generated to outline how LCMs interacted with collagen fibers, hepatocytes, and liver sinusoids ( Figures 6E and 6F ). LCMs were seen extending long dendrites into the lumen of underlying hepatic sinusoids (white arrows in Figures 6E and 6F ), while some extended dendrites outside the capsule, toward the peritoneal cavity ( Figure 6F , white asterisks). To observe their steady-state dynamics, LCMs were imaged for 4-5 hr using in vivo live 2PM. Although they did not migrate within this time frame, LCMs exhibited a behavior similar to that described in skin LCs and brain microglial cells, termed ''dendrite surveillance extension and retraction cycling habitude'' (dSEARCH) ( Figure 6G ; Movie S1; Ng et al., 2008) . These imaging studies suggested that LCMs extended dendrites toward both the blood and the peritoneal cavity and could potentially sample these compartments.
LCMs Are Able to Sense Bacteria Reaching the Hepatic Capsule The capsule of the liver is exposed to the peritoneal cavity, a compartment traversed by pathogens such as M. tuberculosis (Guirat et al., 2011) and L. monocytogenes (Havell et al., 1999) to disseminate infection. Infection of mycobacteria via the intra-peritoneal route is a physiological model of abdominal tuberculosis (Guirat et al., 2011) , a major site of infection before milk pasteurization was adopted. We thus sought to determine whether LCMs could sense bacteria or bacteria products and prevent pathogen dissemination.
Fluorescent polystyrene beads administered i.p. with or without LPS were in close association with LCMs within 2 hr, suggesting that LCMs were able to pick up particulate antigens ( Figure S6A ). To explore whether LCMs could also take up bacteria, we performed similar experiments using M. bovis bacillus Calmette-Gué rin (BCG) expressing mCherry. When BCG-mCherry was injected intravenously (i.v.), most bacteria were associated with KCs ( Figure S6B ), while very few were detected inside YFP + or GFP + LCMs. In contrast, some BCGmCherry administered i.p. was associated with LCMs within 2 hr ( Figure S6C ). To directly image the dynamics of this process, bacteria were directly applied to the capsule and then (legend continued on next page)
immediately imaged by 2PM intravital microscopy. LCM dendrites were seen extending toward bacteria ( Figure 7A ; Movie S2), suggesting that LCMs sensed peritoneal bacteria accessing the liver capsule.
Increased Hepatic Dissemination of Peritoneal Pathogens in the Absence of LCMs
To assess the potential for LCMs to inhibit dissemination of peritoneal pathogens breaching the liver capsule, we depleted this population by administering a single dose of anti-CSF-1R (M279) antibody, which completely ablated LCMs between 2 and 5 days after treatment ( Figure 1F ) but did not have an effect on the numbers of KCs or peritoneal macrophages ( Figure 7B ). 3 days after injection with anti-CSF-1R or control antibody, mice were infected i.p. with BCG or L. monocytogenes. 6 hr after bacterial injection, the livers of M279-treated mice contained approximately 10 times more BCG than the livers from mice treated with control antibody (Figure 7C) . Similar results were obtained after infection with Listeria ( Figure 7C ). M279 treatment did not result in increased numbers of bacteria in the peritoneal cavity at the same time point (Figure S6D) . These results confirm a role of LCMs in preventing peritoneal bacteria dissemination in the liver.
LCMs Prevent Bacterial Dissemination by Recruiting Neutrophils
To assess whether LCMs directly eliminate peritoneal pathogens or recruit other phagocytic cells, we investigated whether the bacteria were mostly associated with LCMs or other cell subsets. Both monocytes and neutrophils were recruited to the capsule ( Figure 7D ) after intraperitoneal BCG-mCherry injection. Although some LCMs interacted with BCG, some bacteria were clearly associated with neutrophils but very rarely with monocytes ( Figure 7E ). After exposure of the liver capsule to LPS or live bacteria, circulating neutrophils were recruited from the hepatic sinusoids and reached the liver capsule by crawling along LCM dendrites ( Figure 7E ; Movies S3 and S4). Once in the capsular region, recruited neutrophils remained localized around LCMs (Movies S3 and S4). LCM depletion with anti-CSF-1R antibody did not decrease circulating neutrophils ( Figure 7F ) but resulted in reduced neutrophil numbers in the hepatic capsule (Figure 7G ), indicating that LCMs promoted neutrophil recruitment. Collectively, these observations indicate that LCMs, likely through recruitment of neutrophils, play a role in preventing dissemination of peritoneal pathogens breaching the liver capsule.
DISCUSSION
We have identified a distinct subset of resident macrophages that coexists with KCs in the uninjured liver. These cells are located in the hepatic capsule, just under a layer of mesothelial cells where they seem to form a defensive line against pathogens within the peritoneal cavity.
MHCII hi capsular cells have been observed in previous studies (Prickett et al., 1988) but were misclassified as KCs (Aoyama et al., 2010) , fibroblasts, or hepatic stellate cells (Lee et al., 2010) . A recent study (David et al., 2016) Our results suggest that LCMs are derived from circulating monocytes. The dependence of LCMs on CSF-1R suggests that signaling via this pathway is critical for their recruitment and/or maintenance. As the number of circulating monocytes is dependent on CSF-1R signaling, it is difficult to exclude regulation of LCMs by CSF-1 via control of the number of circulating precursors. However, the concentration of CSF-1 detected in the hepatic capsule favors a model in which local CSF-1:CSF-1R interactions play a role in the recruitment of LCM precursors and/ or maintenance of LCMs in the liver capsule.
A recent study demonstrated that during liver injury, peritoneal macrophages expressing GATA-6 can migrate via the hepatic capsule to repair damaged liver tissue (Wang and Kubes, 2016) , raising the possibility that LCMs could also be derived from peritoneal macrophages. However, several arguments suggest that this is unlikely, at least in the steady state. First, transcriptomic analysis of LCMs indicates that they do not express Gata6 and other genes expressed by peritoneal macrophages. Second, in contrast to monocyte transfer, transfer of peritoneal macrophages under the same conditions did not give rise to LCMs. While our results suggest that peritoneal macrophages do not differentiate into LCMs in the uninflamed liver, it is tempting to speculate that they potentially use LCMs as gateways when they migrate via the hepatic capsule to repair damaged liver tissue (Wang and Kubes, 2016) . Recent studies suggest that the origin, distribution, specific tissue location, and functional specialization of macrophages is imparted by micro-environmental cues that shape the epigenetic chromatin landscape of macrophages or their precursors rather than by an imprinted precursor program (Lavin et al., 2014; Mass et al., 2016) . LCMs occupy a separate liver niche to KCs, and it is thus not unexpected that they have a different transcriptomic signature to the embryonically derived and monocytederived KCs recently described by Scott et al. (2016) . Whole-transcriptome analysis demonstrated that LCMs were more closely related to monocyte-derived tissue macrophages described in the steady-state adult gut or skin. The intestine contains mostly monocyte-derived macrophages, while skin and pancreas contain distinct niches harboring phenotypically distinct macrophage subsets (Calderon et al., 2015; Tamoutounour et al., 2013) . The different niches in the skin and pancreas are occupied by macrophages of distinct ontogeny, similar to our findings in the liver. The skin contains prototypical embryonically derived tissue macrophages (LCs) in the epidermis and monocyte-derived macrophages in the dermis. The pancreas has three separate niches: the islets of Langerhans contain a monocyte-derived subset, while the interacinar stroma contains both monocyte-derived and embryonically derived macrophages (Calderon et al., 2015) . It is unclear whether continuous differentiation of monocytederived tissue-resident macrophages is restricted to these organs or whether it occurs in other tissues. KCs have previously been considered to be the only liver-resident macrophages in the liver. They are positioned to clear In (F) and (G), bar graphs represent mean ± SEM of at least three individual mice per group in at least two independent experiments. See also Movies S2, S3, and S4 and Figure S7 .
blood-borne pathogens in the lumen of the hepatic sinusoids. The location of LCMs at the interface between blood and peritoneal cavity and their ability to interact with bacteria accessing the liver capsule raised the possibility of a similar role at the liver surface. Pathogens such as M. tuberculosis (Guirat et al., 2011) , Listeria (Havell et al., 1999) , C. albicans, and Chlamydia traverse the peritoneal cavity to spread systemically (M€ ullerSchoop et al., 1978) from the gut or the fimbriated ends of the fallopian tubes in females. Our findings that LCM dendrites could reach both blood and peritoneal cavity and capture beads or bacteria applied to the capsule or present in the peritoneal cavity suggest that LCMs sense and/or sample particulate peritoneal antigens or bacteria reaching the liver capsule. LCMs were indeed closely associated with i.p. injected BCG and were able to extend dendrites toward the bacteria. Consistent with a role of LCMs in preventing the dissemination of bacteria from the peritoneal cavity into the liver, selective LCM depletion led to higher bacterial counts in the liver without affecting counts in the peritoneal cavity. Our data suggest that this protective immune role of LCMs is mediated by neutrophils that are recruited to the liver capsule after LPS treatment and exposure to BCG, extravasating in close proximity to LCMs. A role for LCMs in the recruitment of neutrophils to the liver capsule was supported by transcriptomic analysis demonstrating their expression of a number of factors, including CXCL1, CXCL2, CCL2, CCL3, and CCL4 that have potential to serve as neutrophil chemoattractants. Specific depletion of LCMs was associated with reduced capsular neutrophil recruitment and higher hepatic bacterial counts. These results suggest that LCMs are physiological sensors of peritoneal pathogens that play a role in preventing bacterial dissemination into the liver by rapidly recruiting neutrophils to the hepatic capsule. Of note, neutrophils have been reported to be critical in controlling liver infection after i.p. injection of Listeria (Conlan and North, 1994) and immune-competent mice die within a few days from this infection when neutrophils are depleted (Rogers and Unanue, 1993) . Although infection via the peritoneum would affect other organs, it is unclear whether cells similar to those described in the liver prevent bacterial dissemination to these other tissues. It is also unknown whether LCMs interact or cooperate with peritoneal macrophages to eliminate peritoneal pathogens.
In conclusion, LCMs constitute a unique monocyte-derived macrophage subset that is ontogenetically and phenotypically distinct from KCs, forming a capsular network in the normal adult liver that is not detected in the capsule of other organs. This macrophage subset appears to play a role in immunosurveillance at the interface between the peritoneal cavity and the liver, mediating neutrophil recruitment in the presence of peritoneal bacteria, with associated control of intrahepatic bacterial loads.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Beattie, L., Sawtell, A., Mann, J., Frame, T.C., Teal, B., de Labastida Rivera, F., Brown, N., Walwyn-Brown, K., Moore, J.W., MacDonald, S., et al. (2016) . Bone marrow-derived and resident liver macrophages display unique transcriptomic signatures but similar biological functions. J. Hepatol. 65, [758] [759] [760] [761] [762] [763] [764] [765] [766] [767] [768] Boring, L., Gosling, J., Chensue, S.W., Kunkel, S.L., Farese, R.V., Jr., Broxmeyer, H.E., and Charo, I.F. (1997) . Impaired monocyte migration and reduced type 1 (Th1) cytokine responses in C-C chemokine receptor 2 knockout mice. J. Clin. Invest. 100, 2552 -2561 . Bouwens, L., Baekeland, M., and Wisse, E. (1984 . Importance of local proliferation in the expanding Kupffer cell population of rat liver after zymosan stimulation and partial hepatectomy. Fö rster, R., Mattis, A.E., Kremmer, E., Wolf, E., Brem, G., and Lipp, M. (1996) . A putative chemokine receptor, BLR1, directs B cell migration to defined lymphoid organs and specific anatomic compartments of the spleen. Cell 87, 1037-1047.
AUTHOR CONTRIBUTIONS
Conceptualization
Purification of monocytes and peritoneal macrophages for adoptive transfer Cells from peripheral blood, bone marrow and spleen of MacGreen mice were pooled. Monocytes were first enriched for with antiCD11b conjugated MACS beads (Miltenyi), then flow sorted for GFP expression within a FSC/SSC gate appropriate for monocytes. The sorted population contained approximately 40% monocytes and 4% macrophages. The remaining populations were CD11b negative and contained around 9% neutrophils, 8% dendritic cells, with the remainder likely B cells. CX3CR1 gfp/gfp monocytes were enriched via the same sorting strategy, which led to GFP + monocyte purity of > 90%.
To purify peritoneal MacGreen macrophages, cells were first enriched using anti-CD11b conjugated MACS beads (Mylteni), then flow sorted for GFP expression by selecting leucocytes according to their size and excluding doublets. Granulocytes, B cells and eosinophils were excluded using anti-CD19 and Ly6G antibodies. A cell mixture containing both large (LPM) and small peritoneal macrophages (SPM) was used for transfer. 0.5 3 10 6 monocytes or peritoneal macrophages were adoptively transferred i.v. into C57BL/6 mice pre-treated, 7 days prior, with 400 mg of anti-CSF-1R Ab (M279; Amgen). Livers were harvested at 9 days after monocyte transfer to image the hepatic capsule using 2PM.
Surgery for intravital multiphoton imaging
Mice were anesthetized by IP injection of ketamine/xylazine (80mg/10mg/kg). The abdomen and left flank were then shaved. The peritoneal cavity was accessed via midline and left subcostal incisions. The falciform ligament was resected and mice placed in a left lateral recumbent position. The left lobe was gently exteriorized onto a glass coverslip attached to a custom-made imaging stage. The liver was covered with a small sheet of plastic wrap to limit motion artifacts. Abdominal organs and the incision were then packed with moist gauze, and the imaging platform sealed to prevent dehydration, leaving a small window on the upper right flank for further subcutaneous half-dose anesthetics injections as required.
In some experiments, following the surgery described above, the left liver lobe was exteriorized onto a glass coverslip with a previously deposited 20ml drop of PBS containing either an indicated concentration of LPS, 1 3 10 6 mCherry-BCG or Crimson-conjugated 200nm FluoSpheres carboxylate-modified microspheres (Invitrogen).
Multiphoton imaging
In most experiments used for multiphoton imaging analysis, cells were labeled in vivo by injecting relevant fluorochrome-conjugated antibodies intravenously via the tail vein. Some large high-resolution multi-photon images were generated by stitching several fields together following acquisition using the stitching function of the ImSpector software. For live intravital imaging, animal were maintained at 35 C in a blacked-out environmental chamber with controlled heated air. Maintenance of a core body temperature within a narrow 37 ± 1 C range was monitored using a rectal probe. Live animals prepared as described above or tissue explants were imaged via multiphoton laser scanning microscopy, using a Nikon Ti-U inverted fluorescence microscope with a 25x Nikon water immersion objective (1.1 NA, WD 2 mm) and a dedicated single-beam LaVision TriM Scope I (LaVision Biotec: Germany) controlled by Imspector software (LaVision). The microscope was outfitted with one Ti:Sapphire laser (MaiTai DeepSee: Spectra-physics) and one Synchronously Pumped Optical Parametric Oscillator (OPO) pumped by a Chameleon Ultra II Ti:Sapphire laser (Coherent). Emission wavelengths were collected with ultrasensitive photomultiplier tubes (GaSP Hamamatsu) for 412-472 nm (CFP, second harmonic signal), 490-520 nm (GFP), 500-550 nm (YFP), 573-633 nm (TdTomato, PE) and 650-673 nm (Alexa647). Image stacks of up to 60 optical sections with 1 to 3 mm z-spacing were acquired. The DeepSee laser was tuned to 830 or 940 nm and OPO was tuned to 1080nm. Parfocal alignment of lasers was adjusted using fluorescent beads before each experimental session. Each xy-plane spanned 512 pixels in each dimension with a minimal resolution of 0.86 mm per pixel. Imaris software (Bitplane) was used for 3D rendering and analysis of image stacks.
Isolation of liver myeloid cells and flow cytometry
Isolation and detection of liver immune cells together with hepatocytes and other cell types was performed via liver perfusion. Livers were exposed and retrograde perfusion performed in situ with 1mg/ml collagenase type IV (Sigma). Livers were then excised and minced, followed by further enzymatic digestion for 30min at 37 C in HBSS containing 1mg/ml collagenase type IV and 1 mg/ml DNase type I (Roche), and dissociation through a 100 mm-pore cell strainer (BD). After washing homogenates, hepatocytes and debris were removed via Percoll gradient. Recovered cells were incubated with anti-CD16/CD32 antibody (2.4G2; BD Biosciences) prior to staining to reduce non-specific FcR mediated staining. Samples were then stained with antibodies following standard procedures, washed twice and stained with DAPI (0.1 mg/ml) before acquisition on a 5 lasers Fortessa Ò flow cytometer (Becton Dickinson). Analysis was carried out using FlowJo Ò software. The fluorochrome-conjugated antibodies (purchased from BD, eBioscience, BioLegend, AbD Serotec, or R&D Systems) against cell surface molecules used are listed in the KEY RESOURCES TABLE.
Epifluorescence Analysis of Liver Sections
Livers were perfused in situ with PBS followed by 10% formalin before excision. Livers were further incubated in 10% formalin, 10%, then 30% sucrose in PBS buffer, before freezing in O.C.T. (TissueTek) in liquid nitrogen. 8-12 mm sections were cut on a cryostat (Leica) at À13 to À15 C, before staining. MHC-II + and F4/80 + or CSF-1 expression was detected using rat-anti-IA/IE (M5/114.5.2) and rat-anti F4/80 (CI:A3-1) or anti-CSF-1 (5a1) respectively, followed by AlexaFluor647-conjugated anti-rat IgG (Invitrogen). Images were acquired using the epifluorescence Deltavision microscope. To generate a high-resolution mosaic image of the liver tissue, stitching has been applied following data acquisition using the Stiching function of the Softworx software.
Electron microscopy Livers were exposed and retrograde perfusion performed in situ with a 23-gauge needle at a rate of 3 to 4 mL/min with phosphatebuffered saline and fixative [1% glutaraldehyde, 4% paraformaldehyde, 2 mmol/L CaCl2, 2%(w/v) sucrose 0.1 mol/L cacodylate buffer pH 7.4]. The livers were then removed, cut into small pieces and fixed in the same fixative for 1 hour at 4 C. Fixed tissue was embedded in Spurr's and LR White resin. Ultrathin (70-90 nm) sections were cut and collected on formvar-coated nickel slot grids (ProSciTech, Australia). Fields of interest were photographed using a Hitachi H7100FA Transmission Microscope.
Cell isolation and sorting for transcriptomic microarray analysis Epidermal LCs from Cd207-EGFP mice were obtained from ears. Ear skin obtained from ears split into dorsal and ventral halves were separated into epidermal and dermal sheets were treated with 5 U/mL dispase (Sigma-Aldrich), then digested with 2 mg/mL collagenase IV (Sigma-Aldrich) followed by filtration through an 80 mm stainless steel mesh. Liver cells (obtained as described above for flow cytometry) and epidermal immune cell suspensions from Cd207-EGFP mice were prepared and stained for flow cytometric analysis with cell populations identified as follows: LCMs (DAPI ). Cells were sorted directly into 500mm of Trizol Ò reagent (a minimum of 10,000 cells for each type depending on experiment) using an Influx Ò sorter (BD). RNA was extracted following Trizol Ò manufacturer's guidelines. RNA quality and quantity was assessed using a Bioanalyser 2100 instrument (Agilent). cDNA was prepared and amplified using the Ovation RNA-Seq System V2 kit (NuGen). Samples were then hybridized to Affymetrix Gene Arrays 1.0ST.
Pre-processing and data analysis Raw microarray data were downloaded from GEO from the following studies (GSE55606, GSE15907, GSE49358, GSE75225). Unaffiliated downloaded or in house generated files in CEL format were integrated and normalized with Robust-Multi Array (RMA) using the module Expression File Creator of Gene Pattern (Reich et al., 2006) . Combat module of Gene Pattern was utilized to remove the undesired variation due to the different gender between some samples. From the resulting expression matrix, probes with unknown gene symbol were excluded as per ImmGen guidelines. Furthermore, probes with a coefficient of variation (CV) within replicates above 0.5 in at least one set of replicate were removed. Differentially expressed genes were detected using Comparative Marker Selection module of Gene Pattern. For PCA analysis only probes with CV above the 80 th percentile were considered. Distances for hierarchical clustering were calculated as the Pearson's correlation coefficient considering genes with CV above 95 th percentile. To identify enriched gene ontologies, pathways and processes, we used the Functional Annotation Clustering tool in DAVID.
Mass cytometry sample preparation and analysis
Single cell suspensions of liver mononuclear cells were centrifuged at 350xg at 4 C for 5 min and the supernatant removed by aspiration. Cells were resuspended in 1mL CyTOF staining buffer (CFB -PBS containing 0.1% BSA, 2mM EDTA and 0.05% sodium azide) and washed in CFB a second time. Primary antibody staining was performed using the antibodies listed in the KEY RESOURCES TABLE and diluted in CFB, for 40 min on ice. A mixture of pre-conjugated (Fluidigm) and in house conjugated (using Maxpar X8 labeling kits -Fluidigm) was used. Following primary antibody staining, cells were washed as described previously using 1mL CFB and resuspended in 0.5mL of a 1/4000 dilution of cisplatin viability reagent (Cell-ID Cisplatin -Fluidigm, Ca) in PBS for 5 min at room temperature. Cisplatin staining was terminated by addition of 1mL of CFB and cells were washed twice by centrifugation. Secondary antibody staining was then performed using the antibodies listed in the KEY RESOURCES TABLE for 20 min on ice, and cells were then washed twice with 1mL CFB. Next, cells were resuspended in 400 mL of 4% paraformaldehyde in PBS (PFA) and fixed at room temperature (RT) for 20 min, then washed twice by centrifugation with 1mL CFB. Cell pellets were resuspended in 1mL permeabilization buffer (PB -Ebioscience), pelleted (900xg, 10 min, RT) and the supernatant aspirated. Following a second wash in PB, cells were stained with anti-GFP antibody diluted in PB (40 min, RT). Cells were then washed twice with 1mL PB. Fixation and nuclear staining was performed in 400 mL of 4% paraformaldehyde containing 0.1 mM cell-IDÔ Intercalator-Ir (Fluidigm) at 4 C for 48 hours. On the day of sample acquisition, cell suspensions were washed twice by centrifugation in distilled water (1mL, 900xg, 10 min, RT) and resuspended in water containing a 1/10 dilution of EQ-beads (fluidigm) at a concentration of $1x10 6 cells/mL.
Data was acquired on a Helios mass cytometer (Fluidigm), and post-acquisition signal normalization was performed using Helios control software (Fluidigm).
Mass cytometry data analysis
Initial gating for Figure 2F was performed using FlowJo v10. ) were manually gated using FlowJo and dimensionality reduction was performed by tSNE (clustering parameters: CD301, TIM4, CD103, CX3CR1, CD16/32; iterations = 1000, perplexity = 30, theta = 0.5).
QUANTIFICATION AND STATISTICAL ANALYSIS
Results are expressed as mean ± SEM. All statistical analyses were performed in Prism 5 (GraphPad Software). Statistical analysis was performed using a Mann-Whitney test.
DATA AND SOFTWARE AVAILABILITY
The microarray data was uploaded onto the ArrayExpress database. The accession number is ArrayExpress: E-MTAB-5932.
